Introduction {#ece32338-sec-0001}
============

The concept of species is fundamental in biology. Despite a century of discussion and debate, however, the nature of species and the process by which speciation occurs remain contentious (Price [2007](#ece32338-bib-0098){ref-type="ref"}; Butlin et al. [2012](#ece32338-bib-0021){ref-type="ref"}; Nosil [2012](#ece32338-bib-0093){ref-type="ref"}). With no agreement on the process of speciation but with a pressing need to inventory biodiversity, molecular biologists have sought a means to identity species using DNA sequences -- the so‐called DNA barcoding (Hebert et al. [2003a](#ece32338-bib-0051){ref-type="ref"}; Kress et al. [2014](#ece32338-bib-0072){ref-type="ref"}). DNA barcoding is generally presented as a means to automate the recognition of previously defined taxa, and a 648‐base pair region of the cytochrome *c* oxidase subunit one (COX1) gene has proven highly effective in correctly distinguishing among metazoan species (Hebert et al. [2003b](#ece32338-bib-0052){ref-type="ref"}; Dasmahapatra and Mallet [2006](#ece32338-bib-0033){ref-type="ref"}; Bucklin et al. [2011](#ece32338-bib-0018){ref-type="ref"}). The sorting of animal species by COX1 genotype is enabled by a barcode gap whereby individuals in a species are more similar to each other in COX1 sequence than they are to individuals in any other species (Hebert et al. [2003a](#ece32338-bib-0051){ref-type="ref"}; Bucklin et al. [2011](#ece32338-bib-0018){ref-type="ref"}). In the great majority of cases, the metazoan populations recognized as distinct by COX1 sequence groupings are congruent with already recognized species (Tavares et al. [2011](#ece32338-bib-0115){ref-type="ref"}) or barcode gaps lead to the recognition of new species upon further study (Hebert et al. [2004](#ece32338-bib-0053){ref-type="ref"}; Bickford et al. [2007](#ece32338-bib-0011){ref-type="ref"}).

The view of COX1 that is commonly articulated by taxonomists is that it is a molecular marker chosen to play the role of DNA barcode because it is a gene found in all animals that can be amplified by a few primer sets (Yu et al. [2012](#ece32338-bib-0127){ref-type="ref"}; Deagle et al. [2014](#ece32338-bib-0034){ref-type="ref"}). The implication of this view is that there is nothing particularly special about COX1 with regard to speciation -- It is a gene that accumulates random mutations following isolation of gene pools like many other, particularly mitochondrial, genes (Seberg et al. [2003](#ece32338-bib-0107){ref-type="ref"}; Tautz et al. [2003](#ece32338-bib-0113){ref-type="ref"}; Moritz and Cicero [2004](#ece32338-bib-0087){ref-type="ref"}; Hickerson et al. [2006](#ece32338-bib-0054){ref-type="ref"}). Within the context of DNA barcodes, there is some discussion that the reason that COX1 is so conserved is that it plays a vital role in cellular respiration and hence is subject to strong stabilizing selection (Stoeckle and Thaler [2014](#ece32338-bib-0112){ref-type="ref"}) and that it is coadapted with the nuclear genes with which it interacts (Hebert et al. [2003b](#ece32338-bib-0052){ref-type="ref"}). Nevertheless, there has been little consideration of the enormous implications for theories of animal speciation of such an effective mitochondrial barcode gene (Lane [2009](#ece32338-bib-0074){ref-type="ref"}).

In this essay, I extend the argument that COX1 is so successful as a genetic marker of the boundaries between closely related animal species because mitochondrial genes are directly involved in the process of speciation (Gershoni et al. [2009](#ece32338-bib-0047){ref-type="ref"}; Lane [2009](#ece32338-bib-0074){ref-type="ref"}). I begin by establishing that COX1 genotypes are very effective at delimiting species boundaries within taxa of complex animals. I then provide an overview of the architecture of the core mechanism for cellular respiration in mitochondria that necessitates perpetual coevolution between mitochondrial genes (mt genes) and nuclear genes that express in the mitochondrial (N‐mt genes). I emphasize the hypothesis that coevolution between mt and N‐mt genes rapidly generates barriers to gene flow as the initiating step in speciation. Such divergence in coadapted mt and N‐mt genotypes can emerge in allopatry through genetic divergence that is neutral with respect to changes in environmental adaptation. Alternatively, divergence of coadapted mt and N‐mt genotypes can theoretically emerge in parapatry via adaptive divergence (i.e., ecological speciation) when small changes to the electron transport chain (ETC) -- or to the mechanisms that produce ETC subunits -- underlie adaptation to a discrete set of novel environmental conditions. By this mitonuclear compatibility hypothesis for speciation, the initiating step in speciation is the evolution of mitonuclear incompatibilities that create barriers to gene flow (Burton and Barreto [2012](#ece32338-bib-0019){ref-type="ref"}), leaving mitochondrial genotype as an unambiguous marker of species identity.

How effective is the COX1 barcode gap in delimiting species boundaries? {#ece32338-sec-0002}
-----------------------------------------------------------------------

There is an ongoing debate regarding the value of the COX1 gene sequence as a DNA barcode to delimit the boundaries of species, with some authors championing the approach (Kerr et al. [2007](#ece32338-bib-0067){ref-type="ref"}; Bucklin et al. [2011](#ece32338-bib-0018){ref-type="ref"}) and others arguing that reliance on a single gene to delimit species will frequently fail to identify closely related taxa (Will et al. [2005](#ece32338-bib-0124){ref-type="ref"}; Hickerson et al. [2006](#ece32338-bib-0054){ref-type="ref"}). Some of the reservations by taxonomists about the application of DNA barcoding arise from concern that automating taxonomy will remove the need for taxonomists and undercut support and funding for museum scientists (Will et al. [2005](#ece32338-bib-0124){ref-type="ref"}). However, debate regarding the efficacy of COX1 barcoding also arises from empirical assessments of COX1 sequence variation relative to species boundaries in various groups of animals (Meier et al. [2006](#ece32338-bib-0084){ref-type="ref"}; Elias et al. [2007](#ece32338-bib-0039){ref-type="ref"}; Whitworth et al. [2007](#ece32338-bib-0123){ref-type="ref"}).

In a recent review of the efficacy of COX1 as a barcode as applied to all major taxonomic groups of marine animals, Bucklin et al. ([2011](#ece32338-bib-0018){ref-type="ref"}) concluded it worked well for all marine animals with the exception of the "problem children": corals, sea anemones, and sponges. Interestingly, COX1 barcoding seems to fail for multicellular animals lacking complex nervous systems or sustained movement; the need for neurogenesis and real‐time production of ATP for movement may increase selection on mitonuclear coadaptation and hence lead to clearer divergence of coadapted set of mt and N‐mt genes between species. Perhaps for the same reason, COX1 is not effective as a universal barcode gene for plants or fungi (Kress et al. [2005](#ece32338-bib-0071){ref-type="ref"}; Eberhardt [2012](#ece32338-bib-0038){ref-type="ref"}).

The primary difficulty in judging of efficacy of the COX1 barcode gene among animals is the variable quality of current taxonomies. In many cases, taxonomies were constructed over the past century based on morphology, sometimes with minimal sampling (Dubois [2007](#ece32338-bib-0037){ref-type="ref"}; Morrison et al. [2009](#ece32338-bib-0088){ref-type="ref"}). Thus, it is rarely possible to distinguish failures of DNA barcoding due to mitochondrial introgression or incomplete lineage sorting from failures that are a consequence of inaccurately drawn species boundaries. (See Mutanen et al. ([\[Link\]](#ece32338-bib-0090){ref-type="ref"}) for an attempt to disentangle factors contributing to apparent mismatches of COX1 barcode gaps and species boundaries in Lepidoptera.) For instance, COX1 genotyping revealed 10 distinct taxa within what had long been considered a single species of a common and well‐known skipper butterfly, *Astraptes fulgerator* (Hebert et al. ([2004](#ece32338-bib-0053){ref-type="ref"}) but see also Brower ([2006](#ece32338-bib-0017){ref-type="ref"})). An even greater diversity of cryptic species of parasitic flies was discovered using COX1 barcoding within what was thought to be one taxon (Scheffers et al. [2012](#ece32338-bib-0105){ref-type="ref"}). Without detailed studies of host‐plant and host‐caterpillar differentiation within these cryptic taxa to support the species boundaries revealed by DNA barcoding, the efficacy of COX1 barcoding in these groups would have been considered dismal. Many animal taxa likely harbor cryptic species (Bickford et al. [2007](#ece32338-bib-0011){ref-type="ref"}), leaving assessments of the efficacy of COX1 barcoding uncertain in many taxa.

Birds are the best taxon to assess the efficacy of DNA barcoding because they are the most comprehensively described animal taxon (Scheffers et al. [2012](#ece32338-bib-0105){ref-type="ref"}). Class Aves has long been the model taxon for the study of speciation in the field because birds are easy to observe, and they use primarily human‐perceptible visual and acoustical displays in sexual signaling (Price [2007](#ece32338-bib-0098){ref-type="ref"}). Over large areas of the planet, the distributions of bird populations and the frequency with which avian taxa form hybrid pairs and produce hybrid young is well documented (Price [2007](#ece32338-bib-0098){ref-type="ref"}). Disagreements about avian taxonomy tend to be based on differences in species concepts rather than lack of information about phylogeography (Remsen et al. [2010](#ece32338-bib-0102){ref-type="ref"}). In assessments of hundreds of species of birds from North America, South America, and the Palearctic, COX1 barcoding clustered individuals into groups that conformed to conventional avian species in more than 94% of the cases (Aliabadian et al. [2009](#ece32338-bib-0001){ref-type="ref"}; Baker et al. [2009](#ece32338-bib-0003){ref-type="ref"}; Kerr et al. [2009a](#ece32338-bib-0068){ref-type="ref"}, [2009b](#ece32338-bib-0069){ref-type="ref"} *;* Kerr [2011](#ece32338-bib-0066){ref-type="ref"}; Tavares et al. [2011](#ece32338-bib-0115){ref-type="ref"}; Stoeckle and Thaler [2014](#ece32338-bib-0112){ref-type="ref"}). Most of the "failures" of DNA barcoding in these avian studies involved taxa in which species boundaries have been long debated, such as large gulls, or were due to divergences within taxa recognized as single species that suggested the presence of cryptic species. The true test of the efficacy of COX1 barcoding, however, hinges on its ability to separate closely related sister taxa. In a study of the 60 sister pairs of bird species for which there was sufficient COX1 sequence data available, Tavares and Baker ([2008](#ece32338-bib-0114){ref-type="ref"}) found that all 60 previously recognized species boundaries were diagnosable by COX1 DNA barcode. Thus, for class Aves, which is the best‐known animal taxon, the COX1 DNA barcode is very effective at delimiting species boundaries. The question is, how does a DNA barcode gap between species arise?

Mitonuclear coadaptation {#ece32338-sec-0003}
------------------------

Coadaptation of the products of the mitochondrial genome and nuclear genome is fundamental to the fitness of all eukaryotes (Lane [2011](#ece32338-bib-0075){ref-type="ref"}; Bar Yaacov et al. [2012](#ece32338-bib-0005){ref-type="ref"}). The proteome of the mitochondria of animals is composed of more than 1500 products of the nuclear genome (Calvo and Mootha [2010](#ece32338-bib-0022){ref-type="ref"}). These N‐mt genes are joined in the mitochondria by the products of the 37 mt genes that code for proteins in the ETC or for transcriptional or RNA components of translational machinery needed to produce respiratory chain proteins (Levin et al. [2014](#ece32338-bib-0077){ref-type="ref"}; Hill [2015](#ece32338-bib-0056){ref-type="ref"}). N‐mt and mt genes function in close and highly coadapted association in forming the complexes of the respiratory chain that carry out oxidative phosphorylation (OXPHOS) and that produce most of the energy for eukaryotic life (Rand et al. [2004](#ece32338-bib-0100){ref-type="ref"}; Bar‐Yaacov et al. [2012](#ece32338-bib-0008){ref-type="ref"}). The need for mitonuclear compatibility is fundamental (Mishmar et al. [2006](#ece32338-bib-0086){ref-type="ref"}; Hill [2015](#ece32338-bib-0056){ref-type="ref"}). Any incompatibility of mt and N‐mt genes leads to inefficiency in electron flow down the respiratory chain, which causes catalytic sites to become more reduced and results in the release of free radicals and a reduction in ATP production (Lane [2011](#ece32338-bib-0075){ref-type="ref"}, [2015](#ece32338-bib-0076){ref-type="ref"}).

The coadaptation of sets of mt and N‐mt genes is highly specific to species. In cell cultures in which nuclear DNA from one species is forced to cofunction with mt DNA from a closely related species in cybrid cells, the efficiency of OXPHOS is invariably significantly compromised (Kenyon and Moraes [1997](#ece32338-bib-0065){ref-type="ref"}; Barrientos et al. [2000](#ece32338-bib-0007){ref-type="ref"}; McKenzie et al. [2003](#ece32338-bib-0083){ref-type="ref"}). In marine copepods *Tigriopus californicus*, crossing animals from geographically isolated populations resulted in a 40% loss of ATP production in F2 population hybrids (Ellison and Burton [2006](#ece32338-bib-0040){ref-type="ref"}; Burton et al. [2013](#ece32338-bib-0020){ref-type="ref"}), with fitness loss linked specifically to loss of function in complexes I, III, and IV of the ETC due to incompatibilities between maternal mt genes and paternal N‐mt genes (Ellison and Burton [2008](#ece32338-bib-0041){ref-type="ref"}). Similar mitonuclear incompatibilities with loss of fitness have been observed in carefully manipulated hybrid crosses in *Drosophila* (Sackton et al. [2003](#ece32338-bib-0104){ref-type="ref"}; Meiklejohn et al. [2013](#ece32338-bib-0085){ref-type="ref"}), parasitoid wasps (Ellison et al. [2008](#ece32338-bib-0042){ref-type="ref"}), and fish (Bolnick et al. [2008](#ece32338-bib-0014){ref-type="ref"}) in which mt genes from one species are expressed with N‐mt genes from another, closely related species. Many different mitochondrial and nuclear genes can be involved in hybrid incompatibilities, including subunits of the ETC and components of transcriptional and translational mechanisms (Burton and Barreto [2012](#ece32338-bib-0019){ref-type="ref"}; Meiklejohn et al. [2013](#ece32338-bib-0085){ref-type="ref"}; Levin et al. [2014](#ece32338-bib-0077){ref-type="ref"}; Hill [2015](#ece32338-bib-0056){ref-type="ref"}), but cytochrome *c* oxidase (complex IV) and cytochrome *c* are frequently implicated in incompatibilities (Rawson and Burton [2002](#ece32338-bib-0101){ref-type="ref"}; Sackton et al. [2003](#ece32338-bib-0104){ref-type="ref"}; Harrison and Burton [2006](#ece32338-bib-0048){ref-type="ref"}). The key point for exploring the connections between a mitochondrial DNA barcode and the process of speciation is that mitochondrial genes often play a central role in hybrid incompatibilities (Gershoni et al. [2009](#ece32338-bib-0047){ref-type="ref"}; Chou and Leu [2010](#ece32338-bib-0026){ref-type="ref"}; Burton and Barreto [2012](#ece32338-bib-0019){ref-type="ref"}; Burton et al. [2013](#ece32338-bib-0020){ref-type="ref"}).

Mitonuclear coadaptation and speciation {#ece32338-sec-0004}
---------------------------------------

Conventional models of speciation cannot fully account for the barcode gap between closely related species that makes COX1 such a successful barcode gene (Hickerson et al. [2006](#ece32338-bib-0054){ref-type="ref"}; Rubinoff et al. [2006](#ece32338-bib-0103){ref-type="ref"}). By classical Bateson--Dobzhansky--Muller models of allopatric speciation, cladogenesis begins when two or more populations are separated in space or time such that gene flow among the populations is disrupted (Coyne and Orr [2004](#ece32338-bib-0029){ref-type="ref"}; Price [2007](#ece32338-bib-0098){ref-type="ref"}). In isolation, each gene pool undergoes independent changes to its gene sequence via both selection and drift. Eventually the populations diverge to a point where they are diagnosable as new taxa. Under some species concepts, speciation is achieved with diagnosability; in others, speciation requires reproductive isolation after secondary contact (Coyne and Orr [2004](#ece32338-bib-0029){ref-type="ref"}; Price [2007](#ece32338-bib-0098){ref-type="ref"}).

From a neutral process of lineage sorting, there should emerge a more‐or‐less constant accumulation of synonymous nucleotide changes at a rate dependent on the mutation rate and population size for the species (Crow and Kimura [2009](#ece32338-bib-0030){ref-type="ref"}). For COX1 barcode gaps to accurately predict species boundaries, COX1 genotype must completely sort among lineages; in other words, fixed differences must evolve between species in the COX1 nucleotide sequences such that these differences are shared among individuals within the species but not with any individuals outside the species boundary (Fujisawa and Barraclough [2013](#ece32338-bib-0045){ref-type="ref"}). According to neutral models, the time required for complete lineage sorting is equal or \>2.6 times the effective population size (Nei [1987](#ece32338-bib-0091){ref-type="ref"}; Hudson and Turelli [2003](#ece32338-bib-0059){ref-type="ref"}). From a basic neutral theory model of speciation, simulations using various population sizes estimated that it would take approximately 4 million generations (hence a minimum 4 million years for birds or other large metazoans) for populations to diverge sufficiently in COX1 for accurate sorting of species (Hickerson et al. [2006](#ece32338-bib-0054){ref-type="ref"}). This estimate assumes a 10× rule -- 10 times the amount of variation between species versus within species is required before species discrimination is achieved. A less stringent cutoff for COX1 divergences (e.g., a 2× rule) reduces the time needed for speciation, but it is still on the order of millions of years. However, predictions of neutral models for genetic divergence of COX1 genes are not supported in birds. Regardless of population sizes (Stoeckle and Thaler [2014](#ece32338-bib-0112){ref-type="ref"}) or estimated time since isolation (Hebert et al. [2003b](#ece32338-bib-0052){ref-type="ref"}; Baker et al. [2009](#ece32338-bib-0003){ref-type="ref"}; Kerr et al. [2009b](#ece32338-bib-0069){ref-type="ref"}), divergences in the COX1 gene in birds are congruent with taxonomist‐determined species boundaries.

Under the conventional Bateson--Dobzhansky--Muller models of speciation, with divergence of genotype via neutral processes, there is no mechanism for a particular gene in either the nuclear or the mitochondrial genome to consistently diverge in concert with speciation events. For the COX1 DNA barcode to work under neutral theory, there must be sufficient time for lineages to sort via random accumulation of neutral mutations (Hudson and Coyne [2002](#ece32338-bib-0058){ref-type="ref"}) and gene flow among species must be negligible (Lohse [2009](#ece32338-bib-0078){ref-type="ref"}). In birds, however, huge radiations of species with unique COX1 nucleotide sequences evolved within a time period significantly less than the time required for complete lineage sorting under neutral theory. For instance, in a study of radiations of South American birds, it was estimated that 75% of species diverged ≤2.6 million years ago (Smith et al. [2014](#ece32338-bib-0111){ref-type="ref"}). Avian speciation is even more rapid at higher latitudes where all sister taxa were estimated to have diverged \<1 million years ago (Weir and Schluter [2007](#ece32338-bib-0121){ref-type="ref"}). For these numerous, recently diverged species, any single gene is predicted to be a poor marker of species boundaries (Hickerson et al. [2006](#ece32338-bib-0054){ref-type="ref"}). Indeed, for many avian taxa, species cannot be delimited by any single nuclear gene (Toews and Brelsford [2012](#ece32338-bib-0116){ref-type="ref"}), yet, paradoxically, COX1 works remarkably well as a DNA barcode for birds, consistently distinguishing between closely related, sister taxa of birds (Tavares and Baker [2008](#ece32338-bib-0114){ref-type="ref"}). An explanation for why the sequence of a specific gene coincides so consistently with species boundaries is that the barcode gene, or the other mt genes to which it is linked, plays a role in the process of speciation (Gershoni et al. [2009](#ece32338-bib-0047){ref-type="ref"}; Lane [2009](#ece32338-bib-0074){ref-type="ref"}).

Speciation Via Mitonuclear Coevolution to Maintain Coadaptation {#ece32338-sec-0005}
===============================================================

Rapid divergence of coadapted mt and N‐mt genes between isolated populations via mitonuclear coevolution was proposed and outlined in detail in Gershoni et al. ([2009](#ece32338-bib-0047){ref-type="ref"}), Chou and Leu ([2010](#ece32338-bib-0026){ref-type="ref"}), and Burton and Barreto ([2012](#ece32338-bib-0019){ref-type="ref"}). The simplest form of such population divergence is driven by selection to maintain OXPHOS function through mitonuclear coadaptation independent of adaptive changes in cellular respiration. Divergent mitonuclear coevolution is inevitable whenever populations are isolated because the nonrecombining and haploid genomes of mitochondria are subject to high mutation rates in metazoans (Lynch [2010](#ece32338-bib-0080){ref-type="ref"}). As a consequence, slightly deleterious mutations perpetually accumulate in the mitochondrial genome (Lynch and Blanchard [1998](#ece32338-bib-0081){ref-type="ref"}; Neiman and Taylor [2009](#ece32338-bib-0092){ref-type="ref"}), and because all mitochondrial genes code for OXPHOS function, an accumulation of deleterious mutations in the mitochondrial genome erodes OXPHOS function resulting in loss of fitness (Wallace [2010](#ece32338-bib-0119){ref-type="ref"}). Growing evidence suggests that N‐mt genes can evolve so as to compensate for the deleterious effects of mutations in mt genes, thereby reversing deterioration of OXPHOS (Mishmar et al. [2006](#ece32338-bib-0086){ref-type="ref"}; Barreto and Burton [2013](#ece32338-bib-0006){ref-type="ref"}; Havird et al. [2015](#ece32338-bib-0049){ref-type="ref"}; van der Sluis et al. [2015](#ece32338-bib-0109){ref-type="ref"}). mt genes can also potentially compensate for changes in deleterious changes in N‐mt genes. Such Red Queen coevolutionary interactions between codependent mt and N‐mt genes lead to perpetual and unpredictable divergence and consequent incompatibilities between populations in mitonuclear gene complexes (Burton and Barreto [2012](#ece32338-bib-0019){ref-type="ref"}; Hill [2014](#ece32338-bib-0055){ref-type="ref"}; Levin et al. [2014](#ece32338-bib-0077){ref-type="ref"}; Chou and Leu [2015](#ece32338-bib-0027){ref-type="ref"}). Divergence in coadapted mitonuclear complexes between populations would, in turn, produce mitonuclear incompatibilities in hybrid offspring creating a postzygotic isolating mechanism (Gershoni et al. [2009](#ece32338-bib-0047){ref-type="ref"}; Chou and Leu [2010](#ece32338-bib-0026){ref-type="ref"}; Burton and Barreto [2012](#ece32338-bib-0019){ref-type="ref"}).

Under this model, speciation is the process of divergence of populations specifically in coadapted mitonuclear genotypes. It follows that a species can be defined as a population that is reproductively isolated from other populations by incompatibilities in uniquely coadapted mt and N‐mt genes. This mitonuclear compatibility species concept implicates mt genes -- along with that subset of N‐mt genes with which mt genes cofunction -- as central players in the process of speciation and the defining characteristics of species. This process of rapid, non‐neutral divergence in mitochondrial genotype in isolated populations provides an explanation for why mitochondrial genotype diagnoses species. This model for speciation could be thought of as a refinement of classical biological speciation (Mayr [1942](#ece32338-bib-0082){ref-type="ref"}) reinforced by Dobzhansky--Muller incompatibilities (Dobzhansky [1936](#ece32338-bib-0035){ref-type="ref"}; Muller [1942](#ece32338-bib-0089){ref-type="ref"}). Burton and Barreto ([2012](#ece32338-bib-0019){ref-type="ref"}) provide a detailed overview of why coadapted mitochondrial and nuclear genes are likely to play a disproportionate role in the generation of Dobzhansky--Muller incompatibilities in genetically diverging populations.

Complications from inherited symbionts {#ece32338-sec-0006}
--------------------------------------

Inherited symbionts and particularly *Wolboachia* bacteria may enable introgression of diverged mt genotypes in arthropods and therefore eliminate a mt DNA barcorde gap between species (Hurst and Jiggins [2005](#ece32338-bib-0060){ref-type="ref"}). The scenario for such symbiont‐enabled mt introgression is a hybridization event that transfers both a novel symbiont and a novel mt haplotype into a population. Even if the mt genotype has reduced fitness because of poor coadaptation with N‐mt genes of the new population, it can theoretically spread in the new population if there is strong selection for spread of the symbiont; because of maternal cotransmission of both the mt genotype and the symbiont, the mt genotype can hitchhike to fixation if the symbiont spreads to infect all individuals in the new population (Charlat et al. [2009](#ece32338-bib-0024){ref-type="ref"}; Klopfstein et al. [2016](#ece32338-bib-0070){ref-type="ref"}). The result can be loss of a DNA barcode gap between populations that might otherwise be quite divergent, and the evolution of a population with poorly coadapted mt and N‐mt genes. Mitonuclear incompatibility should create strong selection for coevolution to restore coadaptation (Hill [2014](#ece32338-bib-0055){ref-type="ref"}) or for the introgression of N‐mt genes that are coadapted with mt haplotype (Beck et al. [2015](#ece32338-bib-0010){ref-type="ref"}; Boratyński et al. [2015](#ece32338-bib-0016){ref-type="ref"}). There are at present few well‐documented examples of mitochondrial introgression driven by Wolbachia infection (Klopfstein et al. [2016](#ece32338-bib-0070){ref-type="ref"}) and the success of DNA barcoding in delimiting species boundaries in many arthropod taxa suggests that such introgression may not be very common in arthropods (Smith et al. [2012](#ece32338-bib-0110){ref-type="ref"}).

COX as a key OXPHOS regulator {#ece32338-sec-0007}
-----------------------------

In the model described, mitonuclear coevolution is driven by selection to maintain current function in cellular respiration; no change in environmental adaptation is invoked. I propose, however, that speciation can also occur through adaptive divergence of coadapted mitonuclear genes and that COX genes are likely to be common targets of such adaptive evolution because cytochrome *c* oxidase occupies a key rate‐controlling position in the ETC (Villani and Attardi [1997](#ece32338-bib-0118){ref-type="ref"}; Piccoli et al. [2006](#ece32338-bib-0096){ref-type="ref"}; Pacelli et al. [2011](#ece32338-bib-0094){ref-type="ref"}; Arnold [2012](#ece32338-bib-0002){ref-type="ref"}). Complex IV is the terminus of the respiratory chain of mitochondria, catalyzing the transfer of electrons from reduced cytochrome *c* to oxygen and in turn reducing oxygen to water. Energy from this redox reaction is used to pump protons across the inner mitochondrial membrane. In this way, cytochrome *c* oxidase plays a central role in creating the inner membrane potential that is necessary for aerobic respiration (Pierron et al. [2012](#ece32338-bib-0097){ref-type="ref"}). Only the mitochondrial‐encoded COX proteins -- subunits 1, 2, and 3 -- are essential for the catalytic function of cytochrome *c* oxidase (Pierron et al. [2012](#ece32338-bib-0097){ref-type="ref"}; Ramzan et al. [2012](#ece32338-bib-0099){ref-type="ref"}). Prokaryotes have only these three subunits, and these are the subunits that actually transfer electrons, pump protons, and reduce oxygen to water (Pierron et al. [2012](#ece32338-bib-0097){ref-type="ref"}). The many additional subunits that eukaryotes have added to cytochrome *c* oxidase (e.g., 10 in mammals) are nuclear encoded, and apparently evolved to provide critical regulatory control of the three catalytic subunits, establishing the balance between ROS, heat, and energy production in variable environments (Pierron et al. [2012](#ece32338-bib-0097){ref-type="ref"}; Ramzan et al. [2012](#ece32338-bib-0099){ref-type="ref"}). Thus, the N‐mt genes of cytochrome *c* oxidase have intimate physical and functional connection to the mt‐encoded catalytic subunits and play a vital role in better adapting cytochrome *c* oxidase to the specific environmental conditions of the organism (Pierron et al. [2012](#ece32338-bib-0097){ref-type="ref"}; Ramzan et al. [2012](#ece32338-bib-0099){ref-type="ref"}; Hill [2015](#ece32338-bib-0056){ref-type="ref"}). Interestingly, COX1 and other mitochondrial‐encoded cytochrome *c* oxidase genes are the least variable of all mitochondrial genes (Pesole et al. [1999](#ece32338-bib-0095){ref-type="ref"}; da Fonseca et al. [2008](#ece32338-bib-0044){ref-type="ref"}), apparently subject to strong purifying selection and functional constraint (Kerr [2011](#ece32338-bib-0066){ref-type="ref"}).

Cytochrome *c* oxidase is unique among respiratory chain complexes in having multiple isoforms of the nuclear‐encoded components (Hüttemann et al. [2001](#ece32338-bib-0062){ref-type="ref"}). Different isoforms of subunits occur in different tissues (Kadenbach et al. [2000](#ece32338-bib-0063){ref-type="ref"}) and at different developmental stages (Bonne et al. [1993](#ece32338-bib-0015){ref-type="ref"}). Isoforms enable control of ATP production and the membrane potential across variable conditions in different organs and tissues within an individual (Pierron et al. [2012](#ece32338-bib-0097){ref-type="ref"}; Ramzan et al. [2012](#ece32338-bib-0099){ref-type="ref"}). The existence of subunit isoforms exclusively for cytochrome *c* oxidase among the five OXHPOS complexes underscores the importance of local adaptation of complex IV activity among both external and internal environments for efficient energy production and control of ROS leakage (Pierron et al. [2012](#ece32338-bib-0097){ref-type="ref"}). I propose that it is no coincidence that the rate‐controlling gene in the ETC that can enable respiratory adaptation to novel environments is also an effective DNA barcode for animals.

Speciation via adaptive divergence in mitonuclear respiratory genes {#ece32338-sec-0008}
-------------------------------------------------------------------

Adaptive divergence in mitochondrial genotype provides a robust explanation for COX1 divergence in sister taxa separated by relatively few generations and with no evidence for past barriers to genes flow. Because mt genes are tightly coadapted with N‐mt genes (Woodson and Chory [2008](#ece32338-bib-0125){ref-type="ref"}; Lane [2011](#ece32338-bib-0075){ref-type="ref"}; Burton et al. [2013](#ece32338-bib-0020){ref-type="ref"}), adaptive divergence in a mt gene will inevitably entail coevolution with its coadapted N‐mt genes (Hill [2014](#ece32338-bib-0055){ref-type="ref"}; Levin et al. [2014](#ece32338-bib-0077){ref-type="ref"}; Bar‐Yaacov et al. [2015](#ece32338-bib-0009){ref-type="ref"}). This new, coadapted mt/N‐mt complex will likely be, to some degree, incompatible with the ancestral and other coadapted mt/N‐mt complexes (Burton and Barreto [2012](#ece32338-bib-0019){ref-type="ref"}; Bar‐Yaacov et al. [2015](#ece32338-bib-0009){ref-type="ref"}). In other words, as the first step in speciation, selection can theoretically drive the coevolution of unique mt/N‐mt complexes in populations experiencing different environments that necessitate different physiological responses (Fig. [1](#ece32338-fig-0001){ref-type="fig"}).

![Speciation via adaptive divergence in genotypes of mt and N‐mt genes that interact with mt. Graphs show hypothetical fitness curves across a latitudinal gradient for different mt/N‐mt genotypes. The ovals at right represent hypothetical ranges of a parent and then daughter species with the map oriented with north to the top. N‐mt genotype is represented by colored bars within chromosomes while mt genotype is represented by colored section of the circular mt genome. (A) The ancestral mt genotype (red) has high fitness in the south and low fitness in the north. The ancestral N‐mt gene (red) enables the function of the ancestral mt. (B) A mutation produces a novel mt genotype (blue) that has high fitness in the north and low fitness in the south. Its function is supported by the ancestral N‐mt gene (red), but it fails to achieve fitness in the north as high as the ancestral mt genotype in the south. Natural selection creates a cline in mt genotypes, but gene flow erodes local adaptation. (C) A mutation leads to a novel N‐mt genotype (blue) that better supports the function of the cold adapted mt gene (blue) and raises the fitness of individuals in cold climate. The new N‐mt gene has low compatibility with the ancestral mt genotype (red), creating a barrier to gene flow via hybrid dysfunction and initiating speciation.](ECE3-6-5831-g001){#ece32338-fig-0001}

This hypothesized process is best illustrated in a simple verbal model. Consider an animal species with a range that extends into different thermal environments such that there are two adaptive peaks for OXPHOS function, one associated with warmer southern environments and one associated with cooler northern environments (Fig. [1](#ece32338-fig-0001){ref-type="fig"}). The ancestral population has a mt gene (mt~s~) gene is best adapted for warmer environments, so all of the individuals in the northern part of the range exist away from their adaptive peak and have relatively low fitness (Fig. [1](#ece32338-fig-0001){ref-type="fig"}A). If a mutation occurs in the mt~s~ gene that shifts physiology to a state in which performance is enhanced in the cooler environment (mt~n~), then natural selection should lead to increasing frequency of the new, more fit mitochondrial genotype through the cooler parts of the species\' range. The result would be clinal variation in mt genotype, with high proportions of mt~n~ in the north and mt~s~ in the south (Fig. [1](#ece32338-fig-0001){ref-type="fig"}B). With no physical barriers to gene flow, local selection would be constantly eroded by exchange of genes between subpopulations, and no subpopulation would reach a fitness peak. Such a pattern of clinal variation in mitochondrial haplotypes related to an environmental gradient is a pattern shown by wild populations (Hofman and Szymura [2007](#ece32338-bib-0057){ref-type="ref"}; Cheviron and Brumfield [2009](#ece32338-bib-0025){ref-type="ref"}; Keller and Seehausen [2012](#ece32338-bib-0064){ref-type="ref"}; Zakas et al. [2014](#ece32338-bib-0128){ref-type="ref"}; Consuegra et al. [2015](#ece32338-bib-0028){ref-type="ref"}).

Once there is clinal variation in COX1 genes, the interactions of mt and N‐mt genes can theoretically create barriers to gene flow that enable speciation without geographical barriers to gene flow. One can imagine that in the northern population with an overrepresentation of mt~n~, there is a mutation in a nuclear‐encoded gene (changing from the ancestral state N‐mt~0~ to N‐mt~n~) that interacts with mt~n~, making the ETC significantly better adapted to the cold climate. This novel N‐mt gene would, in effect, improve mitonuclear coadaptation in the cooler northern climate. Moreover, while this N‐mt~n~ gene is fully compatible with mt~n~, it is less compatible with (not well coadapted with) mt~s~, lowering the fitness of mt~s~/N‐mt~n~ genotypes below that of either coadapted mitonuclear genotypes (mt~s~/N‐mt~o~ or mt~n~/N‐mt~n~). This single mutation in an N‐mt gene would create a situation in which individuals with mt~n~/N‐mt~n~ genotypes have a fitness advantage in the north, individuals with mt~s~/N‐mt~0~ genes have a fitness advantage in the south, and both mt~s~/N‐mt~n~ and mt~n~/N‐mt~0~ hybrids have universal fitness disadvantages (Fig. [1](#ece32338-fig-0001){ref-type="fig"}C). What makes mitonuclear interactions so important to the disruption of gene flow in this hypothesized process is that hybrid dysfunction created by mitonuclear incompatibilities generate strong selection against mating between mitonuclear types and hence the potential for speciation without physical barriers to gene flow (Burton and Barreto [2012](#ece32338-bib-0019){ref-type="ref"}). The rapid evolution of reproductive isolation has been demonstrated in models under conditions of two locally adapted genotypes with selection against hybrids, as dictated in my verbal model (Bank et al. [2012](#ece32338-bib-0004){ref-type="ref"}).

Empirical studies indicate that environments imposing variable selection on components of the ETC are related to temperature, degree of hypoxia (with variation created by altitude, terrestrial versus subterranean habitats, or dissolved oxygen in water), and the need for extreme movement such as migration (reviewed in Blier et al. ([2001](#ece32338-bib-0013){ref-type="ref"}); Das ([2006](#ece32338-bib-0032){ref-type="ref"}); da Fonseca et al. ([2008](#ece32338-bib-0044){ref-type="ref"}); Keller and Seehausen ([2012](#ece32338-bib-0064){ref-type="ref"}); Hill ([2015](#ece32338-bib-0056){ref-type="ref"})). Once there is disruption to gene flow, selection on coadapted mitonuclear genes that enable adaptations to local abiotic environments could theoretically drive rapid change in mitochondrial genes and create the mitochondrial DNA barcode gap that is observed between even closely related species. COX genes are implicated in this process both because COX1 nucleotide sequence is recognized as the universal DNA barcode gene and because changes to COX genotype have been linked to adaptive changes in cellular respiration (Hill [2015](#ece32338-bib-0056){ref-type="ref"}). However, other mitochondrial genes also show evidence for adaptive divergence in response to different abiotic environments (Mishmar et al. [2006](#ece32338-bib-0086){ref-type="ref"}; Dowling et al. [2008](#ece32338-bib-0036){ref-type="ref"}; Wallace [2013](#ece32338-bib-0120){ref-type="ref"}; Garvin et al. [2015](#ece32338-bib-0046){ref-type="ref"}).

Signatures of Adaptive Divergence in Metazoan Genomes {#ece32338-sec-0009}
=====================================================

The relative importance of divergence in mt/N‐mt complexes driven by selection for adaptation to external environments versus by selection for maintenance mitonuclear coadaptation is currently unknown. Some evidence suggests that cases of speciation driven by adaptive divergence in COX genotype may be a small subset of all species divergences. Kwong et al. ([2012](#ece32338-bib-0073){ref-type="ref"}) tested the hypothesis that species‐specific coadaptation of mt‐encoded COX1 gene and N‐mt‐encoded genes that code for the subunits of complex IV underlies the success of the barcode gene in delimiting species. They found little amino acid substitution between sister taxa within the portion of the COX1 nucleotide sequence used for barcoding. Based on their analysis, they concluded that there was no evidence that divergence in COX1 genotype plays any role in speciation. In detailed study of the patterns of evolution in all protein‐coding mitochondrial genes in birds, Kerr ([2011](#ece32338-bib-0066){ref-type="ref"}) also found few amino acid substitutions between species in COX1 genes that would lead to functional change among sister taxa. These comparative studies suggest that adaptive divergence in COX1 genotype leading to speciation may be uncommon.

In a growing number of focal species studies, however, interspecific differences in the sequence of COX genes are linked to functional amino acid changes (Blier et al. [2001](#ece32338-bib-0013){ref-type="ref"}) and to physiological adaptations to abiotic environmental conditions (Blier and Lemieux [2001](#ece32338-bib-0012){ref-type="ref"}; Das [2006](#ece32338-bib-0032){ref-type="ref"}; Welch et al. [2014](#ece32338-bib-0122){ref-type="ref"}). Among sister taxa, small changes to COX genes enable adaptation to novel environments, particularly related to thermal and low‐oxygen tolerance. For instance, the Tibetan migratory locust (*Locusta migratoria*) breeds at very high elevations in Asia, and changes to its COX1 gene sequence compared with lowland locust species increased catalytic efficiency for the reduction of oxygen to water under hypoxic conditions (Zhang et al. [2013](#ece32338-bib-0129){ref-type="ref"}). In plateau pikas (*Ochotona curzoniae*) and Tibetan antelope (*Pantholops hodgsonii*) living at high elevations, nucleotide changes in COX1 genes also appear to code for adaptations to high‐altitude, low‐oxygen environments (Xu et al. [2005](#ece32338-bib-0126){ref-type="ref"}; Luo et al. [2008](#ece32338-bib-0079){ref-type="ref"}). Bar‐headed geese (*Anser indicus*) have a single amino acid substitution in a COX gene that improves the efficiency of oxygen use at high altitudes and enable the geese to fly over the Himalayan Mountains (Scott et al. [2011](#ece32338-bib-0106){ref-type="ref"}) while all other species of migratory waterfowl must fly around the mountains. Two lineages of rodents living in hypoxic subterranean habitats independently evolved a shared adaptive configuration of COX genes through different amino acid substitutions (Tomasco and Lessa [2011](#ece32338-bib-0117){ref-type="ref"}). Compared to Brown Bears (*Ursus arctos*), Polar Bears (*Ursus maritimus*) show evidence for increased evolution of COX1 genotype that is implicated in better tolerance of extreme cold environments (Welch et al. [2014](#ece32338-bib-0122){ref-type="ref"}). Adaptive changes in COX genes also underlie major adaptive radiations, including flight in bats (Shen et al. [2010](#ece32338-bib-0108){ref-type="ref"}) and large prey consumption in snakes (Castoe et al. [2008](#ece32338-bib-0023){ref-type="ref"}). These studies clearly demonstrate that changes to COX1 nucleotide sequence can underlie key physiological adaptations as well as major adaptive radiations (Hill [2015](#ece32338-bib-0056){ref-type="ref"}). As more genomic data come available for more sister taxa, the frequency of speciation driven by adaptive divergence versus mitonuclear coevolution not connected to environmental adaptation should become clearer.

Conclusions and Implications {#ece32338-sec-0010}
============================

Nosil ([2012](#ece32338-bib-0093){ref-type="ref"}) proposed two distinct processes of speciation: ecological speciation and speciation not related to environmental adaptation usually attributed to neutral divergence in allopatry. The speciation models that I propose echo this theme, but a mitonuclear coadaptation perspective provides a specific molecular model for why the two types of divergence occur. Mitonuclear coevolution to maintain coadaptation is an ubiquitous and non‐neutral process that will lead to divergence and speciation whenever populations are isolated for adequate periods of time (Gershoni et al. [2009](#ece32338-bib-0047){ref-type="ref"}). This process may explain most speciation events. Alternatively, populations can diverge without physical barriers to gene flow through divergent mitonuclear adaptation to the environment. This later process may best explain population divergences that seem too recent to have accommodated lineage sorting and yet accurately diagnosed with mitochondrial DNA barcodes.

The mitonuclear compatibility model of speciation proposes that when ecological speciation occurs, it will be driven by adaptation to abiotic environment. Evolutionary biologists have long mused that the patterns of biodiversity are not consistent with the idea that niche occupation and competitive exclusion dictate the number of species of animals (Hutchinson [1959](#ece32338-bib-0061){ref-type="ref"}). In a paper considering why there are so few species of animals, Felsenstein ([1981](#ece32338-bib-0043){ref-type="ref"}) wrote that if sympatric speciation driven by niche partitioning were the case, then "one would expect to find nearly infinite numbers of species, a different species on every bush." Instead, for taxa such as birds and mammals, we find a relatively few species, with sister species more likely to segregate across broad climatic and altitudinal gradients than among finer ecological niches (Hawkins et al. [2003](#ece32338-bib-0050){ref-type="ref"}; Currie et al. [2004](#ece32338-bib-0031){ref-type="ref"}). Barriers to gene flow generated by adaptation to abiotic environment will create an opportunity for niche partitioning, but by the models that I propose the rate of speciation is ultimately set by adaptation to abiotic environments via changes in mt and N‐mt coadapted complexes.

Among the most important implications of a mitonuclear compatibility species concept is that the species boundaries identified by mitochondrial DNA barcode gaps are not simply approximations of species boundaries. By this model, divergence in mitochondrial genotype is the basis for speciation, and therefore, mitochondrial genotype defines a species. To be more precise, a speciation model founded on the necessity of mitonuclear coadaptation yields a novel definition for metazoan species: *A species is a population that is reproductively isolated from other populations by incompatibilities in uniquely coadapted mt and N‐mt genes*. Species boundaries are the boundaries of coadapted mitochondrial and nuclear genes, which will be boundaries already deduced from the COX1 barcode gap. Adopting mitochondrial DNA barcode gaps as objective delineators of true species will remove subjectivity from the process of recognizing species and tangibly advance taxonomy as a science (Tautz et al. [2003](#ece32338-bib-0113){ref-type="ref"}; Kress et al. [2014](#ece32338-bib-0072){ref-type="ref"}).
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